Endophytes 1 ; microbial respiration 2 ; photosynthetic assimilation 3 ; reassimilation 4 ; carbohydrates 5 Endophytes are symbiotic bacteria, fungi, and yeast that reside in plant hosts. 1 By hosting these mutualists, plants receive functional benefits including biological N 2 fixation, 2 phosphate solubilization, 3 siderophore production, 4 phytohormone production, 5 bio-control of pathogens, 6 and many other possible benefits. These symbiotic enhancements can lead to increased plant biomass, 7 conferment of plant environmental stress tolerance, 8 or enhanced efficiency in plant water use. 9 All these mechanistic processes encompass active communications between the plant host and its symbionts that take place in either the intercellular spaces or vascular tissue of the plant. 10 Endophytes directly interact with host cells and molecules through this interface, potentially decreasing the distance of material transport, thereby increasing the possibility or frequency of signal transport. 11 Endophytes traffic molecular signals and sucrose/hexoses in the apoplasm at the plant-microbe interface. 10 Endophytic microbes perform all these symbiotic functional activities as they multiply in their host plant. Thus, they require biochemical energy simply to live and to remain active. 12 This energy is derived from the production of ATP and NADH during respiration, and requires metabolizing different forms of carbohydrates. The carbohydrates endophytic symbionts consume originate in the photosynthesis of the host plant, and a substantial amount of these is used to maintain symbiotic relationships. 12, 13 For this reason, the metabolic cost of symbiosis can be expressed by the percentage of photosynthates plant symbionts consume during respiration.
14 For example, mycorrhizal fungi consume about 4-20% of host plant photosynthates. 15 This is based on measurements of plant respiration. However, respiratory characteristics of endophytic microbes have, to our knowledge, not been experimentally examined.
A further characteristic of microbial respiration may contribute to plant physiological processes. As an end-product of respiration, CO 2 is released. This CO 2 molecule can easily reenter the assimilation pathways for photosynthesis since it is more immediately accessible compared to external atmospheric CO 2 . This is especially likely for endophyte respiration since they live in the intimate intercellular spaces of the plant.
Re-assimilation of respiratory CO 2 is not a new concept. 16 Evidence supports that in addition to raw CO 2 diffused from the atmosphere, processed CO 2 from respiration -photorespiration included -can be a source for CO 2 assimilation. 13 C-isotope assays have shown that up to 17.4% of CO 2 produced during poplar tree root respiration can be re-assimilated into other organ tissues of the trees. 17 One report shows that approximately 12% of the CO 2 produced by photorespiration can reenter the Calvin cycle and be reused in Arabidopsis thaliana.
18 Also, as much as 24-38% of photorespired and respired CO 2 can be re-assimilated, resulting in an 8-11% increase in rice and wheat photosynthesis. 19 We hypothesize that the respiratory CO 2 can be more available to CO 2 fixation process at the site of carboxylation since it bypasses the CO 2 diffusional pathway from the atmosphere to the intercellular spaces. Therefore, reducing the travel distance of CO 2 would benefit the plants. The symbiotic plants would not need to open stomata to take CO 2 up from the surrounding air. This is well demonstrated in Rho et al. 9 2018). Diurnal trends of stomatal conductance showed stomatal conductance of endophyte-inoculated rice plants were lower than that of control plants due to faster accumulation of ABA during the afternoon. Yet, overall photosynthetic CO 2 assimilation was maintained with less opening stomata, indicating an extra source of CO 2 may exist. This gas exchange response benefited the host plants more when sufficient light for photosynthesis is available. This suggests that a certain level of sugars should support the endophytes' respiratory activities before the plants exploit it. To better understand the proposed mechanisms, an investigation on respiratory behaviors of endophyte-symbiotic plants and endophytes themselves should be required.
Microbial production of respiratory CO 2 accounts for a large portion of soil respiration. 20 Nevertheless, evidence has been lacking during in vitro level demonstration to determine whether microbial respiratory production of CO 2 is quantifiable, and if so, whether it can possibly be reused. The objective of this study was to estimate microbial respiratory CO 2 release inside the host plant and to assess the potential for re-assimilation of CO 2 produced in this manner.
A series of in planta and in vitro assays were conducted for the estimation. The bacterial endophyte strain used in this study, WP5, was originally isolated from Washington State native poplar trees during our previous studies. 21 The isolate was identified as Rahnella sp. through a 16S rRNA sequence analysis. For in planta assays, rice (Oryza sativa) was used as a C 3 model crop. The plant materials were prepared and inoculated as previously described. 22 For in vitro assays, pure cultures of WP5 were grown in MG/L media plates. 23 In planta respiration results showed that E+ plants had a higher rate of CO 2 release (R c ) and O 2 consumption (R o ) when measured with a gas exchange measurement system and the Clark type electrode, respectively ( Figure 1 ). However, there was a significant difference in measurements between the two methods (P < 0.001). A significant 159% increase in respiration rate for plants inoculated with endophytes was detected when using the R o method (P = 0.004), while a 24% increase observed using the R c method was not significant (P = 0.215).
In vitro bacterial respiration rates increase linearly then reach saturation over the span of the density (Figure 2) . At a population size of about 1 × 10 18 CFU mL −1 culture, the maximum rate of bacterial respiration was about 20 μmol
At inoculation level density (OD 600 = 0.1 ≈ 1 × 10 7 CFU mL −1 culture), the respiration rate was about 2.5 μmol CO 2 m −2 s −1 . Moreover, in vitro bacterial respiration rates were influenced by the amount of carbohydrate supplies, as shown in Figure 3 ; there was a linear increase in CO 2 release by the bacteria corresponding to the concentrations of carbon compounds in MG/L media (P = 0.028). There were no changes in E− pure MG/L control plates. Setting E+ plates at 1/16X MG/ L as the baseline for respiration rates, E+ plates on 1/4X and . Using a 2-way ANOVA test, highly significant differences by method and by method × inoculation interaction were found at P < 0.001. Within each method, a t-test was used to detect a statistical significance in the differences between E-and E+ plants. Asterisks indicate significant difference between E− and E+ plants at the P < 0.01 level. Figure 2 . In vitro respiration rates of WP5 (Rahnella sp.) bacteria used in the study over different density of the population (n = 30). The cultured bacteria were grown in MG/L media plates. The bacterial density was measured using a spectrophotometer and converted to the corresponding colony forming unit (CFU). 1X MG/L media showed significant 53% and 113% increases in respiration rates, respectively (P = 0.092 and 0.031). From the SSC measurements, it was observed that 1/16X, 1/4X, and 1X MG/L media correspond to 0.13, 0.70, and 2.90°Bx.
Bacterial density of E+ plants was considerably greater than that of E− plants (Figure 4) . The endophyte inoculation effect (INOC) was highly significant for the bacterial counts in leaf, stem, and root tissue (P = 0.001). In total, there was a 3-fold increase in CFU with endophyte inoculation (P = 0.011).
Estimates of microbial respiratory CO 2 release showed that a marked amount of CO 2 can be released by endophytic microbes ( Figure 5 ). WP5 can produce a similar amount of the total C assimilated by its host plant during photosynthesis. In this study, the sum of respiration estimates was 0.143 μmol CO 2 g −1 s −1 , while the actual photosynthetic assimilation was 0.127 μmol CO 2 g −1 s −1 . The in vitro gas exchange measurement data (Figures 2 &  3) support the hypothesis in part that bacterial respiration is quantifiable. Bacterial respiration can potentially contribute to photosynthetic CO 2 assimilation when the bacteria are living inside plants. Together with in planta gas exchange assay results (Figures 1 & 4) , these findings also offer a baseline estimation of microbial respiratory CO 2 release ( Figure 5 ).
In planta respiration is up-regulated upon endophyte inoculation (Figure 1 ). However, it is not clear whether this is purely due to endophytic microbial respiration or to other impacts on metabolic processes of the plant in response to endophyte inoculation. Typically, symbiotic plants are reported to have greater respiration rates due to their associated metabolic processes. 15, 24 Clarifying how much of the increase is attributable to microbial respiration would enable a better understanding of the carbon costs of symbiotic associations. Positive relationships of microbial respiration with both microbial density and carbohydrate concentrations, were confirmed (Figures 2 & 3) . These two in vitro characteristics of microbial respiration are biologically straightforward. Bacteria typically display a strong attraction to carbohydrates, shown as chemotactic movements. 25 Thus, it is reasonable to presume that endophytic bacteria can detect and gain carbohydrates anywhere inside the host plant. Since the average SSC of rice sap collected at noon was 6.03°Bx and that of 1X MG/L plants was about 2.90°Bx, sufficient carbohydrates were always present for endophytic bacteria. These together suggest the host plant as a living habitat could supply sufficient food sources to the endophytes, and in return the microorganisms could produce a significant amount of CO 2 that could be reused by plant photosynthetic assimilation to a degree.
Our hypothesis was originally derived from Bloemen et al. 17 in which the authors employed a 13 C technique to estimate how much of the CO 2 respired by root tissues could be reassimilated by photosynthetic processes. They found up to 22% of CO 2 transported by xylem transpiration streams was reused by the upper leafy tissues. Likewise, according to Busch et al. 19 photorespired CO 2 in C 3 plants can be incorporated into photosynthetic assimilation processes. These findings all provided a firm foundation for our prediction.
Generally, a bacterial microbiota population is estimated to be approximately 1 × 10 6 -10 7 cells cm −2 leaf area. 26 Our microbial count information, as represented by CFU, also showed a similar density range of microorganisms living in host plants (Figure 4) . By drawing on our results, we estimated the bacterial respiration in rice plants at 0.143 μmol
, which could be a significant contribution to the CO 2 assimilation/production cycle in the plants. Plants lose some respired CO 2 in root and stem tissue during mass transport, such that only 20% of transported CO 2 could be re-assimilated. 17 Yet it is possible to mitigate this inefficiency; an additional 0.071 μmol CO 2 g −2 s −1 can possibly be available through microbial respiration and utilized for photosynthesis in leaves. This is still about 57% of the total assimilation ( Figure 5 ). In addition, the difference in in planta respiration rates by method supports the possibility of the re-assimilation of microbial respiratory CO 2 ( Figure 1) . The difference between the respiration rates of E− and E+ plants by the R c method (24%) was not as great as that by the R o method (159%). This indicates that the carbohydrates were being oxidized, but not all the CO 2 was being released from E + plants. It is possible that some portion of the respiratory CO 2 could reenter the photosynthetic assimilatory pathways and be incorporated in the plant before being released. This accounts for the decreases in the amount of the CO 2 release in E+ plants that was detectable by the R c method.
Further empirical evidence is required to verify this hypothesis. Employing the 13 CO 2 method to differentiate the photo-assimilates would be one way to corroborate this hypothesis.
In planta assays of plant respiration revealed that endophytic bacteria increased respiration rates of host rice plants, while in vitro microbial respiration assays confirmed two important fundamental respiratory characteristics of pure WP5 bacteria cultures. Respiration rates of these microbes are dependent on both the number of bacterial cells in the culture and the concentration of carbohydrates in the growing media. The concentration of carbohydrates present in phloem sap would be sufficient to support endophyte growth. Endophyte inoculation increased the overall bacterial density within the host plant. Together with the in planta and in vitro survey data, the estimate of microbial respiratory CO 2 release in the intercellular spaces of the host plant was approximately 57% of total assimilated CO 2 .
